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http://dxObjective:Deep hypothermic circulatory arrest may be associated with increased neural injury. We investigated
whether short periods of deep hypothermic circulatory arrest are associated with altered neurophysiologic recov-
ery or greater risk of injury.
Methods: Eighteen term infants with transposition of the great arteries undergoing the arterial switch operation
were enrolled. Deep hypothermic circulatory arrest was used in 11, and bypass alone in 7. Near-infrared spec-
troscopy and amplitude-integrated electroencephalography were recorded with standard monitoring during and
from 4 to 16 h after surgery. Fractional tissue oxygen extraction was determined from arterial oxygen saturation
and venous weighted intracerebral oxygenation. Magnetic resonance imaging was performed before and 5 to 7
days after surgery.
Results: There were no significant differences between patients requiring deep hypothermic circulatory arrest
(median, 5 min; range, 3-6 min) or cardiopulmonary bypass only at the beginning of surgery. At the end of
surgery, amplitude-integrated electroencephalography minimum amplitude was significantly lower in the
deep hypothermic circulatory arrest group (P<.05), and fractional tissue oxygen extraction tended to be lower
(P ¼ .068). After surgery, deep hypothermic circulatory arrest was associated with significantly higher tissue
oxygenation index, lower fractional tissue oxygen extraction, and lower core temperature (P<.05). Magnetic
resonance imaging–defined white matter injuries before and after surgery were similar between groups.
Conclusions: In this prospective, observational study, brief deep hypothermic circulatory arrest during arterial
switch was associated with reduced cerebral oxygen uptake during recovery, with transient electroencephalo-
graphic suppression but no increase in risk of white matter injury. (J Thorac Cardiovasc Surg 2013;146:1327-33)The role of deep hypothermic circulatory arrest (DHCA) in
the repair of congenital heart disease (CHD) during infancy
remains controversial, with significant variation among
institutions and surgeons.1 Some use relatively long periods
of DHCA to facilitate surgical repair of the defect, some use
very brief periods of DHCA only (eg, for surgery on the
atrial septum when there is no other intracardiac surgery
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The Journal of Thoracic and Carcerebral perfusion), and some avoid DHCA entirely. The
advantages of DHCA are that it provides a bloodless, un-
cluttered surgical field; simplifies cannulation; and limits
exposure of blood to foreign surfaces, with less resulting in-
flammation. The major potential disadvantage is that it
might lead to ischemic brain injury and worse neurodeve-
lopmental outcomes. There is little doubt that prolonged
DHCA increases the risk of brain injury2-4; however, it is
unknown whether shorter periods are also associated with
increased risk. The Boston Circulatory Arrest Study found
that DHCA was associated with worse motor and speech
problems, whereas continuous cardiopulmonary bypass
(CPB) was associated with problems in several behavioral
domains.3,5 Subsequent randomized control trials of
aspects of perfusion management during CPB and
a prospective cohort study have not found an association
between DHCA and adverse neurodevelopmental
outcomes.1
Magnetic resonance imaging (MRI) studies have shown
that white matter injury (WMI) is the most common pattern
of brain injury in infants with CHD. WMI is reported in
25% to 40% of infants before surgery, and new injury is re-
ported in approximately 40% to 50% after surgery.6-10diovascular Surgery c Volume 146, Number 6 1327
Abbreviations and Acronyms
DHb ¼ difference in hemoglobin
aEEG ¼ amplitude-integrated
electroencephalography
aEEGmin ¼ electroencephalographic minimum
amplitude
ASO ¼ arterial switch operation
CHD ¼ congenital heart disease
CPB ¼ cardiopulmonary bypass
DHCA ¼ deep hypothermic circulatory arrest
Hb ¼ deoxyhemoglobin
HbO2 ¼ oxyhemoglobin
EEG ¼ electroencephalography
FTOE ¼ fractional tissue oxygen extraction
MAP ¼ mean arterial blood pressure
MRI ¼ magnetic resonance imaging
NIRS ¼ near-infrared spectroscopy
SaO2 ¼ arterial oxygen saturation
TGA ¼ transposition of the great arteries
TOI ¼ tissue oxygenation index
VSD ¼ ventricular septal defect
WMI ¼ white matter injury
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DLower regional cerebral oxygen saturation, as measured
with near-infrared spectroscopy (NIRS), has been associ-
ated with new ischemic lesions on MRI after the Norwood
procedure and with MRI abnormalities and a lower psycho-
motor development index at 1 year of age in infants under-
going a biventricular repair.11
The arterial switch operation (ASO) for correction of
transposition of the great arteries (TGA) provides a useful
cohort to study the effects of different operative and perfu-
sion techniques. It is relatively common, carries a very low
surgical mortality, is associated with a relatively standard
anatomy and age of repair, and is rarely associated with
genetic syndromes. A common surgical approach in infants
with TGA and an intact ventricular septum is to use a single
venous drainage cannula in the right atrium and continuous
CPBwith a short period of DHCA to close the atrial septum;
the alternative is to use bicaval venous cannulation and
thereby avoid the need for DHCA.
The goal of this study was to investigate whether very
short periods of DHCA are associated with differences in
cerebral oxygenation, electroencephalographic (EEG) am-
plitude and injury on MRI scan relative to infants undergo-
ing surgery for TGAwithout DHCA.
MATERIALS AND METHODS
This study was part of a larger prospective longitudinal study of brain
injury in infants undergoing surgery for CHD conducted at Starship Chil-
dren’s Hospital, Auckland, New Zealand. Infants were included in this sub-
study if they had TGAwith or without a ventricular septal defect (VSD) and
underwent an ASO. Infants were excluded if they were less than 36 weeks’1328 The Journal of Thoracic and Cardiovascular Surgestational age at birth or if they had a recognized genetic or malformation
syndrome. The study population consisted of infants who also underwent
continuous NIRS and EEG monitoring during and after surgery and had
MRI scans performed before and after surgery. Informed consent was ob-
tained from parents or caregivers, and the study was approved by the local
human research and ethics committee. Demographic and physiologic data
were collected prospectively by the study research nurses.
Clinical Management
Balloon atrial septostomy was performed under ultrasonographic guid-
ance in the intensive care unit if required according to clinical and echocar-
diographic assessment. For ASO, anesthesia was induced and maintained
with fentanyl, isoflurane, and muscle relaxants. Cannulation for CPB
was performed with a single venous cannula in the right atrium and an
aortic cannula. In selected infants, either those with a VSD or because of
surgical preference related to size or anatomic considerations, the venous
cannula was then replaced by bicaval cannulas in the superior and inferior
venae cavae. Infants who had a single venous cannula throughout had
a short period of DHCA to allow closure of the atrial septum. The perfusion
strategy included continuous full-flow CPB at 150 mL/(kg $min) and a tar-
get core temperature of 22C. Alpha-stat pH management was used when
the core temperature was greater than 30C; below this threshold, pH-stat
was used during both cooling and rewarming.
Phenoxybenzamine was given to all infants before or during CPB. Va-
sodilatation was maintained after surgery with either phenoxybenzamine
or a milrinone infusion. Dopamine or epinephrine infusions were used as
required to maintain systemic cardiac output and blood pressure. After sur-
gery, analgesia and sedation were managed with a continuous infusion of
morphine and either a midazolam infusion or intermittent boluses of
diazepam.
Electroencephalography
Continuous amplitude-integrated electroencephalography (aEEG) was
performed with the Research Brain Rescue Monitor (ReBRM; BrainZ
Instruments Ltd, Auckland, New Zealand). Left and right parietal and fron-
tal cortices were monitored with standard international electrode position-
ing and signal processing as previously described elsewhere.12 The primary
variable was the EEGminimum amplitude (aEEGmin), which reflects back-
ground EEG activity.12 aEEG data were included for analysis if the elec-
trode impedance was less than 10 kU per pair and free from electrical
artifact. Electrographic seizures were identified on aEEG recordings and
then confirmed on the continuous EEG trace on the basis of a duration
longer than 10 seconds with amplitude greater than 40 mVand a repetitive
evolving pattern.12
NIRS Measurements
Concentration changes in global cerebral oxyhemoglobin (HbO2) and
deoxyhemoglobin (Hb), normalized total hemoglobin index (sum of
[HbO2] þ [Hb]), and cerebral tissue oxygenation index (TOI) were mea-
sured with a NIRO-200 spectrophotometer (Hamamatsu Photonics KK,
Hamamatsu City, Japan). TOI is the venous-weighted fraction of oxygen-
ated hemoglobin: [HbO2]/([HbO2]þ [Hb]). Fractional tissue oxygen extrac-
tion (FTOE) was calculated from the TOI and the arterial oxygen saturation
(SaO2) as (SaO2  TOI)/SaO2. Difference in hemoglobin (DHb) was calcu-
lated as [HbO2]  [Hb], which correlates well with cerebral blood flow
given stable hematocrit and arterial oxygen saturation.13
Brain MRI Protocol
MRI studies were performed with a 1.5-T Magnetom Avanto (Siemens,
Erlangen, Germany) scanner. Standardized sequences were used for all
studies, including coronal 3D-FLAIR T1-weighted images (1 mm slice
thickness), coronal and axial T2-weighted dual-echo, fast spin-echo images
(2 mm slice thickness), and axial diffusion-weighted imaging (12-20gery c December 2013
TABLE 1. Demographic and preoperative data
Parameter
DHCA
(n ¼ 11)
No DHCA
(n ¼ 7)
P
value
Male 7 (64%) 4 (57%) >.9
Birth weight (kg) 3 (2.6-3.5) 3.7 (3.2-4.2) .003
Gestational age (wk) 39 (37-41) 40 (39-41) .025
Head circumference (cm) 35 (33-36) 35 (32-37) .28
Prenatal diagnosis 5 (45%) 3 (43%) >.9
Apgar score at 5 min 9 (8-10) 9 (9-10) .51
Balloon atrial septostomy 8 (73%) 7 (100%) .25
Lowest pH 7.32 (6.89-7.38) 7.14 (7.07-7.39) .17
Lowest mean arterial pressure
(mm Hg)
39 (34-48) 39 (33-44) .75
Ventricular septal defect 0 (0%) 3 (43%) .04
Cardiopulmonary bypass time
(min)
174 (144-221) 171 (150-326) .47
Aortic crossclamp time (min) 92 (74-107) 84 (71-179) .26
Minimum temperature
on bypass (C)
22 (19-22) 22 (21-25) .28
Data are median with range, or number and percentage of patients for categoric data.
DHCA, Deep hypothermic circulatory arrest.
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Ddirections, 4 mm slice thickness). Scans were reported by an experienced
neuroradiologist who was blinded to the study. Brain injury was defined
as the presence or absence of focal infarction (stroke),WMI, or hemorrhage
(intraventricular or parenchymal), as previously defined elsewhere.6 WMI
severity was classified as normal (noWMI), mild (3 foci and all2 mm),
moderate (>3 and 10 foci, or any foci>2 mm), and severe (>10 foci).
There were no adverse events related to MRI studies.
Data Collection and Analysis
Heart rate, mean arterial blood pressure (MAP), left and right atrial pres-
sures, peripheral SaO2, core temperature, and aEEG and NIRS variables
were recorded continuously. Data were stored and then analyzed off-line
with customized software (Chart Analyzer, Labview 2004; National Instru-
ments Corporation, Austin, Tex). Five standardized time periods were
defined a priori for intraoperative data analysis and presentation to account
for differences in surgery duration between patients. Five-minute averages
(1) beginning 30 minutes before and lasting until 30 minutes after initiation
of CPB, (2) from 10minutes before and lasting until 10 minutes after aortic
cross-clamping, (3) from 10minutes before and lasting until 10 minutes af-
ter DHCAwhere used (with 1-minute averages during DHCA), (4) from 10
minutes before and lasting until 10minutes after aortic unclamping, and (5)
from 30 minutes before and lasting until 30 minutes after termination of
CPB. Data were not collected during transfer of the infant from the operat-
ing room to intensive care. Postoperative recordings commenced from
arrival in the intensive care unit until the first postoperative morning; 4
to 16 hours after termination of CPB was used as the period of postopera-
tive data that was the most consistent between patients.
Statistical Analysis
Demographic, preoperative, and surgical data were tested with analysis
of variance or Mann-Whitney U test if not normally distributed with the
SPSS 15.0 statistical software (IBM Corporation, Armonk, NY). Categoric
data were compared with the Fisher exact test. Within-group and between-
group comparisons were made with repeated measures analysis of vari-
ance, and post hoc contrasts tests were used when significance was found
with JMP 8.0 (SAS Institute Inc, Cary, NC). The period from 10 to 30 min-
utes before bypass started was used as prebypass baseline values. These
were compared with an average of 10 to 30 minutes after bypass and ana-
lyzed with paired t tests to assess within-group changes before and after
bypass. The DHCA nadir was also tested against the baseline value with
paired t tests. Data are presented as either mean  SEM or median and
range as appropriate.RESULTS
Eighteen infants were included in this analysis. Of these
infants, 11 had a short period of DHCA and 7 had CPB
without DHCA. The median duration of DHCAwas 5 min-
utes (range, 3-6 minutes). The characteristics of the study
population are shown in Table 1. The DHCA group had
slightly lower weight and gestational age at birth, and
none had a VSD (0/11 vs 3/7 non-DHCA patients). There
were no differences between groups before surgery in sever-
ity of hypoxemia (lowest PaO2 and SaO2) or cardiovascular
dysfunction (lowest MAP, lowest pH, and highest lactate).
There were no significant differences between groups
in CPB time, aortic crossclamp time, minimum temperature
during CPB, or time during surgery with TOI less than
50%.
The time sequence of changes in physiologic variables
during and after ASO are shown in Figures 1 and 2,The Journal of Thoracic and Carrespectively. No clinical seizures were observed in either
group. Three infants (2 in DHCA group, 1 in non-DHCA
group) had electrographic seizures during CPB. One infant
in the non-DHCA group had a single 3-minute electro-
graphic seizure during the postoperative intensive care
phase. The aEEGmin was significantly higher after bypass
than the pre-bypass values in both groups (P<.05); how-
ever, it was significantly lower in the DHCA group than
in the non-DHCA group from the time of removal of the
aortic crossclamp, during weaning from CPB, and immedi-
ately after CPB (P<.005). There was no significant differ-
ence between groups during and immediately after CPB in
TOI (P ¼ .128), FTOE (P ¼ .068), and core temperature
(P ¼ .06). The DHCA nadir was not significantly different
from baseline for TOI, DHb, and FTOE. Normalized total
hemoglobin index was significantly lower than baseline at
the nadir (P<.005) but not at other times. The postbypass
DHb, FTOE, and MAP were significantly higher than the
prebypass values in the non-DHCA group (P< .05) but
not the DHCA group.
After transfer to intensive care, DHCA was associated
with higher TOI (P< .05) and lower FTOE (P< .005)
and core temperature (P< .05) than non-DHCA CPB. In
contrast, aEEGmin, SaO2, MAP, and heart rate were not sig-
nificantly different between groups. There was a significant
positive association between core temperature and FTOE
after controlling for group (b coefficient 0.557; P< .05).
There was a significant increase in DHb with time
(P<.0001) and a fall in normalized total hemoglobin index
in the non-DHCA group (P< .05) but not in the DHCA
group (P not significant). TOI increased and FTOE fell sig-
nificantly with time in both groups (P<.001). The aEEGmin
increased significantly with time in the DHCA groupdiovascular Surgery c Volume 146, Number 6 1329
FIGURE 1. Intraoperative data for patients with and without deep hypothermic circulatory arrest (DHCA) are mean  SEM. Time points are 5-minute
averages beginning 30 minutes before and lasting until 30 minutes after cardiopulmonary bypass (CPB) initiation, from 10 minutes before and lasting until
10 minutes after aortic crossclamping, from 10 minutes before deep hypothermic circulatory arrest, minute averages of deep hypothermic circulatory arrest,
deep hypothermic circulatory arrest nadir, deep hypothermic circulatory arrest off, minute averages for 5 minutes after deep hypothermic circulatory arrest,
5-minute average of 6 to 10minutes after deep hypothermic circulatory arrest, from 10minutes before and lasting until 10minutes after aortic unclamping, and
from 30minutes before and lasting until 30 minutes after bypass off. Asterisk indicates P<.05 by post hoc contrasts.MAP, Mean arterial blood pressure; TOI,
tissue oxygenation index, aEEG, amplitude-integrated electroencephalography; DHb, difference in hemoglobin; FTOE, fractional tissue oxygen extraction.
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D(P<.0001). MAP fell significantly from 4 hours (P<.0005
in both groups; post hoc, significant from 5 hours in both
groups) but remained steady thereafter.
Preoperative WMI was present in 3 infants in the DHCA
group (27.3%) and 2 in the non-DHCA group (28.6%;
P not significant). New postoperative WMI was present in
2 (18.2%) and 3 (42.9%) infants, respectively (P not signif-
icant); none of these patients had WMI before surgery. No
cases of stroke were seen.
DISCUSSION
This prospective, observational study suggests that
DHCA for a median of 5 minutes during cardiac surgery
was associated with consistent neurophysiologic changes
relative to CPB without DHCA. First, aEEGmin took longer
to recover and was suppressed to a greater extent during
rewarming and immediately after CPB. Second, during re-
covery from surgery in intensive care, FTOE was lower in
the DHCA group with greater intracerebral oxygenation,
despite similar peripheral oxygen saturation and arterial
blood pressure. These findings were associated with no ap-
parent increase in electrographic seizures or increase in risk
of new brain injury onMRI. The most likely explanation for
these results is that short periods of DHCA during the ASO
are associated with a transient suppression in brain1330 The Journal of Thoracic and Cardiovascular Surmetabolism with associated reduction in oxygen extraction
and suppression of electrical activity.
These findings should be interpreted cautiously. The
sample size is small, the groups were not randomized, and
infants in the DHCA group were significantly smaller,
were less mature, and were entirely free of VSDs, although
crossclamp and CPB times were similar between groups.
We therefore cannot exclude the possibility that differences
between groups may have contributed to functional changes
after surgery. Further, we did not have any markers of sys-
temic blood flow, such as cardiac output or systemic venous
oxygen saturation, which might have helped us to interpret
the changes in cerebral oxygenation. These results should
therefore be confirmed in a larger cohort with random
assignment of DHCA.
The aEEG and NIRS changes during surgery in this study
are consistent with previous reports,14,15 with profound
depression of EEG activity, a dramatic increase in
intracerebral oxygenation during bypass, and a relative fall
in intracerebral oxygenation during DHCA. Previous
studies in piglets14 and human infants15 have reported that
cerebral oxygenation falls well below baseline during
longer-duration DHCA than that used in this present study.
Similar to ourfindings, however, these investigators observed
a fall in intracerebral oxygenation to near baseline valuesgery c December 2013
FIGURE 2. Postoperative data for patients with and without deep hypothermic circulatory arrest (DHCA) are hourly mean  SEM. Time 0 represents the
end of bypass. Asterisk indicates P<.05 by post hoc contrasts. Sao2, Arterial oxygen saturation;MAP, mean arterial blood pressure; TOI, tissue oxygenation
index, aEEG, amplitude-integrated electroencephalography; DHb, difference in hemoglobin; FTOE, fractional tissue oxygen extraction.
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Dafter 5 minutes of arrest, which was the median duration of
arrest in our study. It is likely that this greater deoxygenation
in the DHCA group relative to the non-DHCA group in our
study contributed to the reduced recovery of the aEEGmin
during rewarming and immediately after CPB. Consistent
with this conjecture, there is evidence of rapid depletion of
cellular nicotinamide adenine dinucleotide after DHCA in
the piglet, demonstrating that DHCA is sufficient to induce
acute primary failure of oxidative metabolism.16
After surgery, reduced cerebral oxygen extraction with
increased cerebral oxygenation in the first 16 hours strongly
suggests that DHCAwas associated with depressed cerebral
oxidative metabolism relative to CPB. Cerebral hypoxia-
ischemia is consistently associated with reduced oxidative
metabolism during the recovery phase in both preclini-
cal17,18 and clinical19 settings. Furthermore, secondary
hypoperfusion after 10 minutes of hypoxia-ischemia in
near-term fetal sheep was associated with increased trans-
cutaneously measured cortical PO2,
17 strongly implying
that hypoperfusion reflects actively mediated suppressionThe Journal of Thoracic and Carof cerebral metabolism. The mechanisms of this hypome-
tabolism after hypoxia-ischemia are only partly understood,
but there is evidence that it is mediated at least in part by
neuroinhibitory factors such as allopregnanalone20 and nor-
epinephrine,21 and that blocking these mechanisms exacer-
bates neural injury.
The greater TOI after DHCA in this study was not medi-
ated by changes in oxygen content, because after surgery
SaO2 was consistently greater than 95% in both groups
and hematocrit was stable. Potentially, an increase in sys-
temic cardiac output could improve cerebral oxygen deliv-
ery and thus increase TOI with reduced oxygen extraction.
DHCA was not, however, associated with a significant
effect on arterial blood pressure or DHb, an index of cere-
bral blood flow.13 Consistent with this finding, Doppler
ultrasonographic studies strongly suggest that cerebral
blood flow does not increase after DHCA.22
TOI increased significantly with time in both groups in
the postoperative period, and DHb increased significantly
in the non-DHCA group. Secondary hypoperfusiondiovascular Surgery c Volume 146, Number 6 1331
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Dtypically resolves from 6 to 8 hours after hypoxia-ischemia,
and thus resolution of this phase in the latter half of the
recording period could potentially have contributed to the
increase in TOI. In addition, cardiac output typically falls
for 8 to 12 hours after the ASO and then recovers during
the next 12 hours.23 This pattern could well have contrib-
uted to the increase in TOI and thus DHb in both groups
that was seen after 8 to 12 hours.
Core temperature was lower in the DHCA group than in
the non-DHCA group from 4 to 10 hours after surgery.
Because hypothermia reduces brain metabolism, this poten-
tially may have contributed to reduced oxygen extraction.
Because there is only a 5% reduction in metabolism per
degree24 and there was only a 1 difference between groups,
this does not seem sufficient to account for the magnitude of
reduced oxygen extraction in this study. It is unclear why
core temperature was lower, considering that there were
no differences in the temperature management protocols
during rewarming both in the operating room and during
intensive care. This difference may reflect the younger ges-
tational age of the DHCA group, with consequent reduced
body mass and subcutaneous fat stores leading to greater
heat loss. Alternatively, because the brain is a significant
source of heat, it is possible that suppression of cerebral me-
tabolism after DHCA actually contributed to a fall in body
temperature25; however, we cannot rule out other mecha-
nisms, such as hypothalamic dysfunction.
Similarly to other recent reports,6-9 more than a quarter of
the infants in this series showed new, mild WMI lesions
after surgery. There was no apparent increase in risk with
DHCA, however, and no patients had evidence of grey
matter injury, supporting the hypothesis that the current
physiologic findings represent a transient and reversible
suppression in cerebral metabolism. Intriguingly, we
found significantly reduced FTOE in the DHCA group
within 4 hours after surgery in contrast to previous reports
in infants with severe hypoxic-ischemic encephalopathy,
who showed a proportionately larger fall in FTOE but
only from 24 hours after the insult.19 We and others have
previously reported preexisting WMI in 20% to 30% of in-
fants before surgery,6-9 consistent with the findings in this
study. Potentially then, the earlier decline may reflect
previous neural compromise.8
In summary, this observational study suggests that brief
circulatory arrest during theASOmaybeassociatedwith sup-
pressed cerebral oxygen extraction in the early postoperative
period, consistent with reduced mitochondrial oxidative
metabolism. There was no evidence of greater risk of WMI
after DHCA, suggesting that these changes may represent
a potentially protective suppression of metabolism during
recovery.Thesefindings shouldbeconfirmed ina randomized
clinical trial, and long-term neurodevelopmental follow-up is
needed to confirm whether DHCA is associated with func-
tional effects in later childhood.1332 The Journal of Thoracic and Cardiovascular SurWe acknowledge the biomedical statistics service at the Univer-
sity of Auckland for their statistical analysis; we acknowledge the
cardiac surgeons, cardiologists, anesthetists, perfusionists, and pe-
diatric intensive care unit staff at Starship Children’s Hospital for
their assistance with this study; and we acknowledge Dr Ayton
Hope for MRI interpretation and Dr Julia Gunn for advice on sei-
zure analysis.
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